Summary
Intercellular calcium waves can be observed in adult tissues, but whether they are instructive, permissive, or even required for behavior is predominantly unknown. In the nematode Caenorhabditis elegans, a periodic calcium spike in a pacemaker cell initiates a calcium wave in the intestine [1, 2] . The calcium wave is followed by three muscle contractions that comprise the defecation motor program [1] . Normal wave propagation requires the pannexin gap-junction subunit INX-16 at the interfaces of the intestinal cells. In the absence of this gap-junction subunit, calcium waves are frequently absent. The remaining waves are slow, initiate at abnormal locations, or travel in the opposite direction. Abnormal waves are associated with parallel effects in the first step of the motor program: The contractions of the overlying muscles fail to propagate beyond the pacemaker cell, are slow, initiate in abnormal locations, or are reversed. Moreover, the last two motor steps are predominantly absent. Finally, the absence of this gap-junction subunit also affects the reliability of the pacemaker cell; cycle timing is often irregular. These data demonstrate that pannexin gap junctions propagate calcium waves in the C. elegans intestine. The calcium waves instruct the motor steps and regulate the pacemaker cell's authority and reliability.
Results and Discussion

pannexin inx-16 Encodes an Intestinal Gap-Junction Subunit
The defecation cycle is a stereotyped behavior that requires the coordinated activity of the intestine, neurons, and muscle in the nematode [3] . This motor program is repeated with an approximately 45 second periodicity. A critical component of the timekeeping mechanism of this rhythm is the inositol-1,4,5-trisphosphate (IP 3 ) receptor [4, 5] . In wild-type animals, cyclic calcium spikes in the posterior intestine directly precede the initiation of the motor program, and these spikes are absent in the IP 3 receptor mutant [5] . The posterior calcium spike initiates a calcium wave that progresses through the intestinal cells; disrupting IP 3 receptor function pharmacologically disrupts the calcium-wave propagation [1, 2] . What is the relationship between the calcium wave and the associated behaviors?
We have identified a mutation, ox144, that causes a constipated phenotype and demonstrated that the mutation disrupts innexin-16 (inx-16), a gene encoding a gap-junction subunit ( Figure S1A in the Supplemental Data available online). Because the genes encoding invertebrate gap-junction subunits, ''innexins'' (invertebrate connexins), are now known to exist in vertebrates, the protein family has been renamed the ''pannexin'' family [6, 7] . Gene identity was assigned by rescue and the sequence of two inx-16 alleles. The defects in ox144 mutants are fully rescued by microinjection of wild-type inx-16 ( Figure S1A and Figures 1B and 3B-3E). The two alleles exhibit similar phenotypes ( Figures  3B-3E) ; ox144 allele is an early stop, and tm1589 is a deletion in the 5 0 region of the gene ( Figure S1A ). RNA interference of inx-16 resulted in defects identical to those of ox144 ( Figures 3B-3E ) [8] . Because the pannexin gene inx-17 is in an operon downstream of inx-16, it was possible that reducing inx-17 expression would cause similar phenotypes to that of inx-16 mutants. However, inx-17 RNAi did not produce any visible phenotype. We conclude that the defects observed in the ox144 strain are due to mutation of the pannexin gene inx-16.
The INX-16 Protein Is Localized to Cell-Cell Contacts in the Intestine
To determine whether inx-16 is expressed in the intestine, the cellular location of the defecation clock, we expressed GFP under the inx-16 promoter. This transcriptional reporter is expressed in the intestine ( Figure 1A and Figures S1B-S1D). Gap-junction components from adjacent cells typically assemble into channels between the cells; however, they can also be oriented toward extracellular space and function as hemichannels [9, 10] . To determine whether INX-16 is likely to be forming gap junctions or hemichannels, we determined the subcellular location of the protein by tagging it with GFP ( Figure 1B and Figure S1A ). The INX-16:GFP fusion protein fully rescues the inx-16(ox144) mutant phenotypes ( Figures 3B-3E ), suggesting that the tagged protein is localized correctly. The C. elegans intestine is a tube composed of rings of paired cells [11] (Figures 1D and 1E) . In electron micrographs, gap junctions can be observed in areas where intestinal cells contact one another ( Figure 1C) . Similarly, INX-16:GFP fluorescence is localized to the sites of cell contacts between intestinal cells but is *Correspondence: jorgensen@biology.utah.edu excluded from other surfaces ( Figures 1B, 1D , and 1E), consistent with localization to gap junctions.
To determine whether INX-16-containing hemichannels are interacting with subunits in adjacent cells, we analyzed mosaic animals. If the gap-junction protein is not expressed in an adjacent cell, INX-16 is not localized to that side of the cell ( Figure 1F ). Connexons can form functional gap junctions by interacting with other subunits to form a junctional complex [12] . By contrast, INX-16 requires a homomeric interaction for junctional localization, despite the fact that other pannexin subunits are likely to be expressed in the gut (see below). 
Gap Junctions Shape the Calcium Wave
To determine whether the propagation of the calcium wave requires inx-16, we compared intestinal calcium dynamics of wild-type and inx-16(ox144) worms by using genetically encoded calcium sensors [1, [13] [14] [15] . In behaving worms, a calcium spike in the most posterior cells initiates a calcium wave that travels the length of the intestine [1] (Figure 2A ). The wave travels at a speed of 340 6 140 mm/s (n = 10) and roughly matches the rate of posterior body contraction, approximately 270 mm/s [1] (Movies S1 and S3).
In inx-16(ox144) animals, the spatial and temporal patterns of calcium waves are altered in three ways (n = 34). First, the propagation of the calcium wave was eliminated in 21% of inx-16(ox144) animals (7/34). In these animals, only the most posterior cells experienced a calcium spike; there was no calcium wave ( Figure 2B ). Second, in animals with a calcium wave, the speed of the calcium wave was retarded ( Figure 2C , n = 12). In these animals, propagation was severely decreased and fell into two categories, 3-fold or 9-fold slower than in the wild-type (inx-16 slow: 108 6 29 mm/s, 4/12; inx-16 very slow: 39 6 14 mm/s, 8/12; wild-type: 340 6 140 mm/s, n = 10) [1] . These data suggest that gap junctions are still present between intestinal cells in the mutant. To test whether there are still functional gap junctions in inx-16 mutants, we injected the small molecule, lucifer yellow, into intestines. Dye transfer was not qualitatively different in inx-16 and the wild-type (data not shown), demonstrating the presence of residual gap junctions. One of the 24 other C. elegans pannexins may account for these residual calcium waves [6] . Third, the site of initiation was frequently aberrant in those animals with waves. In more than half of these animals, the initial calcium spike did not occur in the most posterior cells (17/27) . Instead the calcium wave began in more anterior intestinal cells and spread outward in both directions ( Figure 2D and Movie S2).
In dissected preparations of wild-type animals, calcium flux propagates through intestinal cells ( Figure 2E ) [1, 2] . However, in dissected inx-16(ox144) intestines, abnormal calcium dynamics are observed, demonstrating that the defects observed in inx-16 mutants are intrinsic to the intestine. The calcium spikes occur asynchronously and appear to be independent from neighboring cells ( Figure 2F ), suggesting that INX-16 is required for cell-cell coupling during wave propagation.
In vertebrates, calcium waves can also be propagated indirectly by release of ATP through hemichannels that activate purinergic receptors on adjacent cells [9, [16] [17] [18] [19] . However, the data described above demonstrate that the calcium wave in the intestine depends on gap junctions. First, INX-16 is localized to cell-cell contacts, coincident with sites of gap junctions. Second, INX-16 localization requires expression in both contacting cells. Third, calcium waves propagate in the dissected intestine, where the extracellular volume in large [1, 2] . Fourth, purinergic receptors are not present in the C. elegans genome.
What is the molecule that passes through the pannexin gap junction? IP 3 activates the IP 3 receptor, and it is conceivable that IP 3 passes through the junctions to initiate a calcium wave in every cell. Alternatively, calcium itself could be the signal that travels through the gap junction because calcium can produce a regenerative spike [20] . Thus, calcium flux from one cell to an adjacent cell through gap junctions could stimulate a regenerative calcium spike.
inx-16(ox144) Mutants Have Defective Motor Programs
If the calcium wave is an important regulator of the defecation cycle ( Figure 3A) , then disrupting the calcium wave should lead to defecation cycle defects. inx-16(ox144) hermaphrodites were isolated because they were very constipated ( Figure S2 ). Compared to wildtype animals, inx-16(ox144) animals are smaller, grow more slowly (4 versus 3 days to reach adulthood), have decreased brood size (158 6 19 progeny, n = 4 versus 241 6 17, n = 5), and exhibit multiple defects in the defecation cycle (see below). These phenotypes are due to a functional role of inx-16 rather than developmental abnormalities, because the defecation-cycle defects can be rescued in the adult. Specifically, expression of inx-16 in the adult intestine under the vitellogenin-2 (Pvit-2) promoter [21] rescues the defecation-cycle defects (Figures 3D and 3E) .
A detailed analysis of the defecation cycle demonstrates that three aspects of the motor program are disrupted in these mutants: they exhibit variable cycle timing, possess abnormal posterior body contractions, and predominantly lack the later steps of the motor program [3] .
First, INX-16 gap junctions are required for reliable timing of the defecation clock. The median cycle time of wild-type worms only varies 6 s, from 43-49 s. The median cycle time for individual inx-16(ox144) worms varies by 28 s, from 34-62 s ( Figure 3B ). Individual cycles times within a single inx-16 worm are also variable, although this phenotype differs among the genotypes ( Figure 3C ). These data suggest that intercellular communication mediated by gap junctions is required for consistent timing of the clock.
Second, the calcium wave is required for the normal dynamics of the posterior body contraction. In the wild-type, the wave of contraction sweeps forward from the tail, thereby causing the posterior intestine to fold up like an accordion ( Figures 4A-4C and Movie S3). In mutant animals exhibiting a wave of contraction, the posterior body contractions are slower and appear saltatory rather than smooth ( Figures 4D-4F ). In some inx-16(ox144) animals, the contractions initiate midintestine and slowly move backward (Figures 4D-4G ; Movies S2 and S4). Occasionally saltatory calcium wave progression is observed (Movie S1). These contraction abnormalities-reversed, slowed, or saltatory progression-match the abnormal calcium waves observed in these mutants.
To determine whether there is a one-to-one correlation in the direction and speed of the calcium wave and the posterior body contraction, we characterized muscle contractions while simultaneously monitoring calcium waves. We observed contraction of the adjacent body muscles in register with the intestinal calcium increases (n = 4). Calcium waves that initiated in the middle of the animal and proceeded posteriorly were associated with a contraction that also initiated in the middle of the intestine and proceeded posteriorly ( Figure 4G and Movie S2). These data suggest that the intestinal calcium wave instructs contraction of the overlying muscle during the posterior body contraction.
Third, the last two contractions, the anterior bodymuscle and enteric-muscle contractions, are usually absent in inx-16 mutants. Wild-type worms almost always execute both of these motor steps. inx-16(ox144) adults execute an anterior body contraction in only 24% of the defecation cycles and execute an enteric-muscle contraction in only 16% of the defecation cycles ( Figures  3D and 3E) . Again, the presence of these muscle contractions varies between individual worms (see error bars, Figures 3D and 3E ). Calcium flux in the anterior intestine is required for the anterior and enteric-muscle contractions [1] ; thus, the failure of calcium waves to properly propagate into the anterior cells is likely to be responsible for this phenotype.
These findings lead to two important insights into defecation-cycle signaling. First, gap junctions maintain the supremacy of the pacemaker cell and the precision of the clock. Second, the spatiotemporal pattern of the wave controls signaling downstream of the clock.
Gap Junctions Maintain the Supremacy and Reliability of Pacemaker Activity
Who is the timekeeper? In wild-type animals, the posterior ring of cells initiate the calcium wave. However, greater than half of the inx-16 mutant calcium waves initiated in an ectopic cell. These data suggest that the most posterior cell is not fundamentally different from all other intestinal cells; other intestinal cells are capable of initiating a calcium wave in the absence of the normal pacemaker. Like in the vertebrate heart, worm intestinal pacemaker function might simply be conferred on the first cell that produces a calcium spike; intercellular coupling then might force all secondary pacemakers to fire simultaneously.
How does the pacemaker keep time? Previous data indicated that the precise timing of the cycle is controlled at least in part by IP 3 levels [2, 4, 22, 23] . However, the reliability of the pacemaker also depends on inx-16 function. Cycle periodicity is more erratic in inx-16(ox144) animals compared to the wild-type. Although the calcium wave is likely to synchronize the activity of adjacent intestinal cells, the erratic periodicity suggests that gap-junction communication also serves to reinforce the timekeeper.
Calcium-Wave Pattern Controls Downstream Signaling Events
In most systems, the calcium wave is the main event; in the heart, it directly causes muscle contraction. By contrast, in C. elegans the calcium wave is instructive for events in other tissues, specifically the contraction of posterior body muscles and the activation of motor neurons innervating the enteric muscles. Posterior body contractions directly obey the dynamics of the calcium wave. First, there is slowing of the calcium wave and posterior-body-contraction progression in inx-16 mutants. Second, there was a direct correlation of backward calcium waves and backward muscle contractions. Third, saltatory calcium spikes in intestinal cells were associated with focal contractions in adjacent muscles. These data suggest that a signal is transmitted from an intestinal cell to a muscle cell in a point-to-point fashion. Point-to-point signaling is surprising because body muscles are connected by gap junctions [24] [25] [26] . These data suggest a calcium increase in one intestinal ring leads to the contraction of the muscle overlying that ring. The smooth contraction of the body muscles is coordinated by the intestinal calcium wave, rather than by gap junctions in the muscles. Thus, there must be a calcium-sensitive release of transmitter from the intestine onto the overlying body muscles during the posterior body contraction.
Loss of INX-16 almost completely eliminates the late motor steps, anterior and enteric-muscle contractions. Again, the intestinal calcium wave is likely to stimulate the release of a transmitter that activates the motor neurons responsible for these behaviors [27] . These contractions require certain proteins, such as AEX-1 and AEX-6/Rab27, that are expressed in the intestine [28, 29] . These proteins might mediate secretion of transmitter from the intestine in response to the calcium wave.
In addition to these direct effects on the defecation motor program, INX-16-mediated calcium waves may have broad effects on neuronal function. inx-16 mutants are resistant to the paralyzing effects of the aceytlcholinesterase inhibitor aldicarb ( Figure S3 ). Because inx-16 is only expressed in the intestine, a paracrine signal may modulate output from acetylcholine motor neurons. Thus, the intestine may function as an endocrine organ to control multiple tissues, as well as to coordinate different components of a behavioral program.
Supplemental Data
Experimental Procedures, three figures, and four movies are available at http://www.current-biology.com/cgi/content/full/17/18/ 1601/DC1/.
